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In many wildlife populations the total harvest is not known, natural mortality cannot be estimated, and the ratio of the 2 classes in the living population cannot be established with accuracy. However, ratios of classes in the harvest can be estimated, and good estimates of the harvesting effort are frequently available. Fraser (1976, unpubl. data) observed that a gradual change in the male-female ratio in the harvest can be used to estimate the rate of harvesting, if the harvest rate is relatively constant over time. The analysis is particularly simple if the 2 classes are equally abundant initially, and then are subjected to a series of harvests in which 1 class is consistently more vulnerable than the other. In this case the number of harvests required for the 2 classes to become equal in the harvest sample depends largely on the rate of harvesting and only slightly on the relative vulnerabilities of the classes.
In the present paper we extend this concept and develop a technique to estimate the harvest rate in a more general case when the harvest rate is changing. The technique gives an estimate of the harvesting rate and the size of the 2 classes and associated variances.
Data requirements of the present method are much less stringent than those of the conventional selective-removal methods. Our method does not re-quire separate samples to estimate the ratio of the 2 classes, or that the numbers of animals removed be known. Given a species with differential vulnerability of 2 classes, the method assumes that the ratio of the 2 classes of removals is known by age for a series of removal periods, that the mortality between the removal periods is the same for the 2 classes of animals, and that the actual ratio of the 2 classes in the population can be determined at 1 time, preferably before the beginning of the selective exploitation. If removals are known exactly, then the abundance of the 2 classes in the exploited population can also be estimated.
We are grateful to D. S. Robson for helpful comments and, in particular, for pointing out the close similarity between the least-squares method and the maxi-mum-likelihood method. C. D. MacInnes made valuable suggestions on the paper, and the Ministry of Natural Resources staff in Thunder Bay kindly supplied the data for the examples.
APPLICATION TO WILDLIFE DATA
The method appears applicable to certain populations of several wildlife species. Among black bears (Ursus americanus), the sex ratio at birth is approximately 1:1 (Rogers 1977) . However, removal by man is strongly biased toward males (e.g., Gilbert et al. 1978) , causing a characteristic change with age in the harvest sex ratio (Bunnell and Tait 1980) .
Reindeer (Rangifer tarandus)
have an approximately 1:1 sex ratio at birth (Nowosad 1975) . In a hunted population studied by Reimers (1975) , the harvest sex ratio became progressively biased toward females at older ages because of preferential shooting of males.
Our most detailed studies have centered on North American populations of moose in Ontario, Quebec, and Nova Scotia, where both sexes are hunted. The hunting season in these areas commonly coincides with part or all of the rutting season, when males are apparently more active and vulnerable to hunting (Pimlott 1959) . The moose taken by hunters can be sampled and classified as to sex. Reasonably accurate methods of age classification can be applied to determine the sex ratio by age in the harvest, although with some loss of precise cohort identity (Gasaway et al. 1978) .
The sex ratio of harvested calves is believed to be representative of the actual calf sex ratio in the population at the time (Haagenrud and Lordahl 1979) . In Ontario the calf harvest sex ratio is consistently close to 1:1. For example, 51.9% of 3,226 calves reported shot in Ontario between 1967 and 1972 were males (Fraser 1979) . Some preponderance of male calves has been reported in Scandinavian countries (Haagenrud and Lørdahl 1979) .
In lightly hunted areas in Ontario, Quebec, and Nova Scotia, males predominate in the harvest at all adult ages, but heavily hunted populations show a steady decline with age in the proportion of males in the harvest (Fraser 1976; M. Crete and D. Fraser, unpubl. data) . One explanation is that the change with age in the harvest sex ratio is caused by selective removal of males through hunting, not by different rates of nonhunting mortality or by changes with age in sex differential vulnerability to hunting.
Harvest results can occasionally be compiled for a particular cohort over a number of years. However, this is usually unsatisfactory because the methods of sampling harvested moose and the methods of estimating moose ages have rarely been consistent throughout the life of a cohort (Addison and Timmermann 1974) . Results from a single hunting season are more readily available and less susceptible to such bias. This method can be applied to both cohort and single-season harvest data.
THE METHOD
The following notation will be used: = number of males in a given cohort at beginning of the th season, = number of females in a given cohort at the beginning of the th season, and = the first season in which the males are more vulnerable to hunting.
For moose, = 1 usually occurs when the cohort is 1.5 years old. We will as-sume that 1 / 1 = 1 at the beginning of the first season. To express the expected harvest as a function of hunting effort, or number of hunters, statistical searching theory can be applied (e.g., Paloheimo 1971) . Let m ∆t = the probability that a hunter sights and kills a specific male moose in a short time interval, ∆t, and f ∆t = the corresponding probability for a female moose.
The expected number of males killed by 1 hunter in ∆t is then equal to m ∆t multiplied by the number of males, and the total number of males expected to be killed by 1 hunter during the th season is [1 -exp(-m )] i , where the season length is taken as our time unit and exp stands for exponentiation. Let , = number of males harvested during the th season, , = number of females harvested during the th season, = units of harvesting effort, expressed as thousands of hunters in the following discussion.
The total harvest of males and females by units of effort is
provided that the other sources of mortality during the hunting season are negligible. Because the moosehunting season is usually short, we will ignore mortality not related to hunting during that season. The sex ratio of animals that are wounded and later die is probably the same as the ratio in the harvest. Hence, mortality due to crippling is included in our estimates.
(1)
The eqs.
(1), often referred to as the catch equations, are widely used in fisheries work, and go back to Baranov (1918) and Ricker (1940) . In the fisheries literature, the parameters and are called catchability coefficients; they are independent of the abundance of animals.
Although the derivations of the eqs. (1) in statistical searching theory presuppose a random (Poisson) search, they remain valid under much wider conditions, namely when either hunters or animals are randomly distributed (for further discussion see Paloheimo and Dickie 1964) . If a rule such as a bag limit is imposed on searching or hunting, the basic eqs. (1) must be modified. If, however, the number of hunters reaching the bag limit is relatively small compared with the total number of hunters, say <20%, the effect of the bag limit can be safely ignored, as we have done here.
Let
= the annual survival of moose (both male and female), excluding the mortality due to hunting. We will apply this as a survival rate from the end of 1 hunting season to the beginning of the next. We are specifically assuming that the survival rate is the same for both males and females. The use of a single symbol, , for survival in each year is for simplicity only; although it implies that off-season survival does not depend on the year , the results in no way de-pend on this assumption.
Survival rates for the hunting season are obtained from exp(-) and exp(-) for males and females, respectively [eqs. (1)]. The expected numbers of moose at the beginning of the th season are now related to the numbers at the beginning of the first season, 1 and 1 as follows:
Expected numbers of moose harvested each year can now be obtained by combining (1) and (2). Dividing the numbers of males by the numbers of females, arrive at an expression for the expected sex ratio in the harvest
All estimates will be based on the above equation.
For descriptive purposes we may define the population harvest rate simply as the average of the male and female harvest rates. It is the fraction of the total population harvested when males and females are equally abundant:
Male vulnerability may similarly be defined as the probability that the animal killed is male, given equally abundant sexes:
STATISTICAL PROCEDURES
Both harvest rate (4) and vulnerability (5) vary from year to year, depending on the amount of hunting effort and on other variables, such as weather. The parameters that are presumably not affected by the fluctuating hunting activities are the probabilities of capture of 1 moose of either sex by 1 unit of hunting effort, i.e., and . These may be estimated from eq. (3) using a weighted nonlinear least-squares procedure, for which several "canned" programs are available (e.g., BMDP; Dixon and Brown 1977) . This procedure can be shown to be, for all practical purposes, equivalent to a maxi-mum-likelihood method (D. Robson, pers. commun.).
The estimates of the probabilities of capture, and , will be correlated. It is therefore preferable to set new parameters for eq. (3). We define p as average probability of capture of 1 moose by 1 unit of hunting effort, and u as differential vulnerability,
Strictly speaking, p is the average probability only when both sexes are equally abundant, but it will be a useful summary statistic. Both p and u can be thought of as instantaneous-rate analogs of the population harvest rate and vulnerability scaled to per unit hunting effort. It is p and u that we will estimate. Harvest rates for both males and females (6) and vulnerability (5) may be obtained from these estimates.
The nonlinear least-squares procedure requires initial estimates of p and u. An initial estimate of the average harvest rate, eq. (4), is obtained from D. Fraser's (unpubl.) formula:
Average harvest rate = ~1/( ℎ ℎ ℎ 1: 1)
This estimate of the average harvest rate, divided by average effort, gives a reason-able initial value for p when the average harvest rate is small. An initial value for u is that value that equates the ratio (p + u)/(p -u) to the ratio of males to females in the harvest during the first year or years of differential vulnerability.
Alternatively, any reasonable trial values can be used. With these initial values for p and u, more accurate values can be obtained by an iterative process.
To avoid the skewness in the distribution of error inherent in ratio estimates (Fieller 1954, Draper and Smith 1966), we will estimate p and u by minimizing the difference between the logarithms of the observed and expected sex ratios by a nonlinear least-squares method. Let = log of observed sex ratio = ln( ,1 / ,
and (6)
Replacing the parameters and with p and u from eq. (6), assuming 1 = 1 , and taking the logarithms of both sides, eq. (3) may now be written to give the expected values
The weight of the logarithm of each observed ratio value should be proportional to the inverse of its variance. The weights may be calculated in the following manner. Let n be the total number of animals sampled in a given year when the cohort that is being studied is in its th season, and 1 = , /n and 2 = , /n. The estimated variance of , is then 1 (1 -1 ) , that of , is 2 (1 -2 ) and their estimated covariance is -1 2 . It can be shown by the use of the delta method (Deming 1964 ) that the variance of the logarithm of , is (1 -2 )/ 2 , that of , , is (1 -2 ) 2 , and their co-variance is -1/n. Hence, the estimated variance of is 
The weighted nonlinear least-squares procedure may now be applied to arrive at the best estimates of p and u using any of the readily available nonlinear least-squares computer programs. If a package such as BMDP3R (Dixon and Brown 1977) rather than BMDPAR is used, the derivatives of the right-hand side of eq. (8) with respect to p and u are also required. Before we actually used the non-linear least-squares procedure we simplified eq. (8) Alternatively, the estimates may be based on the proportion of males in the harvest, i.e., on
and on its expected value, using a maximum-likelihood method. In trial calculations, both the maximumlikelihood method and the least-squares method gave much the same results. Because the nonlinear least-squares method was much cheaper to run than the maximum-likelihood method, further details on the latter are omitted.
The nonlinear least-squares method is easily modified to estimate p and u from the age and sex composition of a single year's harvest. For each age-group the hunting effort must be known for that cohort's entire history. The only change, then, is that the cumulative effort term Σ in eq. (8) must be reinterpreted in an obvious manner (last column, Table 2 ). For the th age-group it is twice the cumulative hunting effort that was applied to that cohort in all previous years, plus the current year's hunting effort. 
RESULTS AND DISCUSSION
Typical cohort harvest data from the Thunder Bay district in Ontario were used for examples (Tables 1, 2 ). This method was applied to data in both Tables 1 and 2 . The estimated harvest rates were 17.6 and 16.6% for males and 8.9 and 11.6% for females. a Estimated by the incisor-cementum method. b Year of entry (at age 1.5 years) to the population harvested with bias toward males. c Thousands of hunters, estimated from a hunter survey.
d Cumulative effort is the current year's effort plus twice the total effort in all previous years since year of entry at age 1.5 years.
To verify the method, a Monte Carlo study was conducted using simulated data. We started with a fixed number of males and females in a cohort and chose fixed values for p, u, and a . Hunting effort was kept constant. The harvest rates for males and females were then calculated from the assigned values of p and u. Using harvest rates and the annual survival as probabilities, random numbers were generated to determine whether a particular moose was taken by hunters, died when the season was closed, or survived to the next season. In this way, randomly fluctuating harvest data were simulated and then used as input for a program to estimate the parameters for 1 cohort harvested for 10 years (Table 3) . Actual p and u values are presented with their estimates, variance and co-variance, by the nonlinear least-squares method. Actual values of p and u are compared with the averages of their nonlinear least-squares estimates for a range of values of p and u (Table 4) . Each average is based on 100 simulated cohorts.
In addition to the estimates of variance returned by the least-squares program, we listed estimates of the true variance calculated from the 100 estimates of p and u around their known values (Table 4 ). The latter variances tend to be smaller than those returned by the least-squares method. Hence, the confidence limits of ̂ and � that would normally be constructed from these variances are conservative, i.e., confidence levels tend to be higher than the stated level. The reliability of the estimates, judged on the basis of their variances, generally decreases as the difference in vulnerability (u) decreases. When u = 0, the method breaks down. a 2 equals the summed squares due to regression divided by total summed squares. We have also examined the effect of bias in the estimates caused by deviation from a 1:1 sex ratio at the beginning of the first year of harvesting (Table 5 ). Over most of the range of values shown, the bias in ̂ is roughly similar in size to the bias in the initial sex ratio. When males are initially more abundant than females, p is underestimated; when males are less abundant, p is overestimated. As the deviation from the 1:1 sex ratio increases, the bias in ̂ and its variance gets progressively larger, especially when u is small or when the females are more abundant than the males. The estimate of the vulnerability, u, does not seem to be greatly affected by initial abundance. Because this method uses data from a number of years or cohorts, certain changes over time in the population can cause spurious results. The initial sex ratio and the differential vulnerability of the sexes should not change systematically over the years in question. Also, differential vulnerability of the sexes should not change systematically with age for the range of ages used.
Unpublished moose-harvest data from Ontario indicate that the method is generally applicable. However, if the opening date of the hunting season is made progressively earlier or later over several years, male vulnerability may be altered systematically, producing incorrect results. In lightly hunted areas, the greater vulnerability of males begins at age 2.5 years instead of 1.5 years. In this case, the 1.5-year-olds should be omitted from the analysis. Changing patterns of hunter access may cause hunting pressure to shift from place to place over years with-in a given management area. Such movement invalidates virtually all use of age and sex data, and can be remedied only by more precise geographic delineation of populations.
The number of hunters was used as a measure of hunting effort because it was the only suitable measure determined for all years included in the examples (Tables 1, 2 ). More precise measures, such as hunterdays, would be preferable if they were available.
